The Saccharomyces cerevisiae ARO7 gene product chorismate mutase, a single-branch-point enzyme in the aromatic amino acid biosynthetic pathway, is activated by tryptophan and subject to feedback inhibition by tyrosine. The ARO7 gene was cloned on a 2.05-kilobase EcoRI fragment. Northern (RNA) analysis revealed a 0.95-kilobase poly(A)+ RNA, and DNA sequencing determined a 771-base-pair open reading frame capable of encoding a protein of 256 amino acids. In addition, three mutant alleles of ARO7 were cloned and sequenced. These encoded chorismate mutases which were unresponsive to tyrosine and tryptophan and were locked in the on state, exhibiting a 10-fold-increased basal enzyme activity. A single base pair exchange resulting in a threonine-to-isoleucine amino acid substitution in the C-terminal part of the chorismate mutase was found in all mutant strains. In contrast to other enzymes in this pathway, no significant homology between the monofunctional yeast chorismate mutase and the corresponding domains of the two bifunctional Escherichia coli enzymes was found.
In the yeast Saccharomyces cerevisiae, the biosynthesis of aromatic amino acids is regulated either at the transcriptional or at the enzyme level. At the transcriptional level, the general control system is known to regulate at least 30 structural amino acid genes in various pathways, among them most of the ARO and TRP genes. This transcriptional control responds to amino acid starvation and results in an increased transcription rate of these genes through binding of the activator protein GCN4 (36) . In contrast to many bacteria, no aromatic amino acid-specific regulation is known at the transcriptional level.
At least four ARO and TRP gene products are also or exclusively regulated at the enzyme level (Fig. 1) . The two isoenzymes 3-deoxy-D-arabinoheptulosonate-7-phosphate synthase (EC 4.1.2.15) encoded by the genes AR03 and AR04 control the entrance of the shikimate pathway and are subject to feedback inhibition by the pathway end products phenylalanine and tyrosine, respectively (37) . The TRP2 gene product anthranilate synthase (EC 4.1.3.27 ) and the AR07 gene product chorismate mutase (EC 5.4 .99.5) control the distribution of chorismate between the two branches of the aromatic amino acid pathway and are feedback inhibited by tryptophan and tyrosine, respectively (20, 32) .
No transcriptional regulation is known for the AR07 gene of the yeast S. cerevisiae. The AR07 gene encodes a monofunctional chorismate mutase, a situation also found in Bacillus subtilis Marburg (21) and in Streptomyces aureofaciens (14) . The yeast chorismate mutase is not only feedback inhibited by tyrosine, one of the two end products of this biosynthetic branch, but is also strongly activated by tryptophan (20) , the end product of the other branch. The dual control of this enzyme by tyrosine as feedback inhibitor and tryptophan as activator is to date unique as a means of regulating enzyme activity. The monofunctional B. subtilis Marburg chorismate mutase is inhibited by prephenate but unaffected by tyrosine, phenylalanine, or tryptophan (22) , and the S. aureofaciens enzyme is unregulated (14) . Other * Corresponding author.
investigated organisms such as Escherichia coli employ two bifunctional enzymes: a chorismate mutase-prephenate de- hydratase (pheA) feedback inhibited by phenylalanine and a chorismate mutase-prephenate dehydrogenase (tyrA) feedback inhibited by tyrosine (9, 10) ; in both cases the Nterminal part of the bifunctional enzyme carries the chorismate mutase activity (19, 26) .
In this report, we describe the cloning and nucleotide sequence comparison of the yeast AR07 wild type and three previously described AR07C (constitutively activated chorismate mutase) mutant alleles (20) . Mutant strains carrying the AR07C alleles showed increased sensitivity to the amino acid analog 5-methyltryptophan and a 10-fold increase in basal activity of chorismate mutase. The mutant enzymes were unresponsive to tyrosine and tryptophan.
We with N-methyl-N'-nitro-N-nitrosoguanidine (20) . Strains RH422 and RH25 were isolated from the same mutagenesis and selection experiment, whereas strain RH495 was obtained in an independent mutagenesis procedure.
E. coli MC1061 [A(lacIPOZYA)X74 galU galK strA hsdR A(ara leu)l (7) was used for propagating plasmid DNA, and the bacteriophage M13 host E. coli JM101 (Alac pro thi supE F' traD36 proAB lacIqZAM15) (38) was used for the isolation of single-stranded DNA.
Plasmid YpAR7-1 (1) was a gift from S. G. Ball, Bethesda, Md. Vector YEp351 (16) was obtained from A. Tzagoloff. pJDB207 (2) and pYactI (30) were previously described.
Media. YEPD complete and MV minimal media were used for the cultivation of yeasts (28) . E. coli strains were maintained on L broth and M9 minimal plates (27) .
Molecular techniques. Preparation of plasmid DNA, restriction enzyme digestion, Southern blot hybridization, and transformation of E. coli were done by standard procedures (25) . Isolation of yeast total DNA (4), preparation of yeast poly(A)+ RNA, Northern (RNA) blot hybridization (13) , DNA fragment isolation, and colony hybridization of E. coli and yeasts were done as previously described (6) . For hybridization, DNA fragments were labeled by the oligolabeling technique described by Feinberg and Vogelstein (12) The indole glycerol phosphate synthase (EC 4.1.1.48) activity was determined as described previously (32) .
RESULTS
Yeast chorismate mutase is activated by tryptophan and subject to feedback inhibition by tyrosine. Enzyme activities of the AR07 gene product chorismate mutase were determined in the S. cerevisiae wild-type strain X2180-1A and in the regulatory mutant strain RH558-1 (gcd2-1; Table 1 ). The latter strain shows constitutively derepressed enzyme levels for gene products controlled at the transcriptional level through the general control activator protein GCN4. The wild-type strain and the constitutively general control-activated strain RH558-1 showed similar basal levels of chorismate mutase activity, suggesting that the S. cerevisiae chorismate mutase is not regulated by the general control system ( Table 1 ). The TRP3 gene product indole glycerol phosphate synthase that was used as a reference enzyme, being subject to general control, was derepressed threefold in strain RH558-1. In both strains, the chorismate mutase activity could be stimulated approximately 10-fold by tryptophan and was inhibited at least 3-fold in the presence of tyrosine. In the presence of both effectors, tryptophan and tyrosine, the enzyme was in the activated state. The three mutant strains RH422, RH425, and RH495 carrying AR07C alleles showed a 10-fold-increased chorismate mutase activity when compared with the wild-type strain. The chorismate mutase enzymes of these strains were unresponsive to tryptophan and tyrosine, suggesting that they were locked in the activated state, obviating the need for tryptophan activation and in a form resistant to tyrosine inhibition.
Cloning of AR07 wild-type gene and of three mutant alleles.
A YEp13-based gene pool (29) plasmids of both transformed yeast strains showed identical restriction patterns and were designated pME601 (Fig. 2) . The 2.05-kb EcoRI fragment from positions 2.45 to 4.5 was further subcloned into the vector pJDB207, resulting in pME605 (Fig. 2) . After retransformation of both plasmids, pME601 and pME605, into S. cerevisiae RH1242, the average increase in enzyme level when compared with the chromosomally encoded chorismate mutase was found to be 30-fold for the YEp13-based plasmid pME601 and 300-fold for the pJDB207 derivative pME605. This difference probably reflects the different copy numbers of the two plasmids (Table 2 ). cerevisiae X10-1B (plasmid YpAR7-1; Fig. 2 ) was different from our clones. The 0.95-kb ClaI-(BamHI-MboI) fragment (positions 3.9 to 4.85) differed in restriction pattern from the corresponding region of our AR07 gene on pME601 (ClaI restriction site at position 3.9 to the ligated former BamHISau3A sites at position 5.3). Hybridization of both divergent radiolabeled fragments with BglII-restricted chromosomal DNA revealed that the short fragment of the X10-1B-derived plasmid YpAR7-1 hybridized to various fragments of the genome of the standard strain X2180-1A, whereas our clone only hybridized to one genetic locus (Fig. 3) . One possible explanation could be that in strain X10-1B, but not in strain X2180-1A, a repetitive element, e.g., a Ty element, is located adjacent to the AR07 gene.
For the isolation of the three AR07C mutant alleles, gene pools constructed from strains RH422, RH425, and RH495 were transformed into E. coli MC1061 and hybridized with the 1.85-kb ClaI fragment of pME601 (positions 2.05 to 3.90 in Fig. 2) . The plasmids pME602, pME603, and pME604 were isolated from positive clones and shown to possess the same restriction pattern as pME601 (Fig. 2) . The RH422 derivative pME602 was further subcloned to yield plasmid pME606. When transformed into yeasts, all new plasmids expressed a chorismate mutase which did not respond either to tryptophan activation or to tyrosine inhibition (Table 2) . AR07 gene encodes a 0.95-kb transcript that is not subject to transcriptional regulation. The size and direction of the AR07 transcript were determined by Northern analysis (Fig.  4) . Poly(A)+ RNA isolated from the chorismate mutase- Fig. 2 overexpressing strain RH1242(pME605) was separated on a formaldehyde-agarose gel and was transferred to nylon filters. After the HindIII-ClaI fragment (positions 0.95 to 1.45 in Fig. 2 ) was cloned into the vectors M13mplO and M13mpll, radiolabeled single-stranded DNAs of both orientations were generated and then used as probes. Only the DNA derived from M13mplO yielded a single signal, indicating a transcript of 0.95 kb transcribed in the direction ClaI to HindIII (Fig. 2) .
The Northern analysis shown in Fig. 5 was performed to test whether the effectors of the enzyme chorismate mutase, tryptophan and tyrosine, influence the transcription of the AR07 gene. The yeast strain X2180-1A was cultivated in MV minimal medium and in MV medium supplemented with tryptophan and tyrosine. Poly(A)+ RNA was isolated and hybridized to radiolabeled AR07 DNA. Radiolabeled DNA coding for actin (30) served as a reference probe. The ACT-to-AR07 Poly(A)+ RNA ratio was similar for the wild-type cells grown under the different cultivation conditions (Fig. 5, lanes 1 to 3) , suggesting that tryptophan and tyrosine regulate AR07 gene expression only at the enzyme, not at the transcriptional level.
In addition, the Northern hybridization of strain RH422 carrying the AR07C mutant allele (Fig. 5, lane 4) showed a similar level of AR07 transcript when compared with the wild type (Fig. 5, lane 1 (Fig. 7 and 8 ) revealed a single cytosine-to-thymidine base pair transition at position +677 in all three AR07cmutant alleles. This mutation causes a change from threonine to isoleucine in the C-terminal part of the chorismate mutase at the amino acid at position 226. In addition, the AR07C allele isolated from strain RH495 showed a second cytosine-to-thymidine transition in the 5' region of the gene at position -482 ( Fig. 7 and  8) .
Fusion of the 5' end of the AR07 gene and the 3' end of the AR07C gene shows the AR07C phenotype. To verify that the AR07C phenotype is exclusively the result of a change in the structure of the C-terminal part of the enzyme, we fused the 5' half of the wild-type AR07 gene with the 3' half of the mutant AR07C allele. A hybrid gene was constructed by replacing the HindIII-EcoRI fragment of pME606 (positions 0.95 to 2.05 in Fig. 2 ) with the corresponding fragment of the wild-type AR07 gene cloned in pME605. The resulting AR07 hybrid gene on plasmid pME607 (Fig. 2) the activated form, obviating the need for tryptophan analog 5-methyltryptophan (20) , a false feedback inhibitor of the TRP2-and TRP3-encoded anthranilate synthase complex, which competes with the ARO7 gene product for chorismate (28, 32) . Since anthranilate synthase and chorismate mutase control the distribution of chorismate at the first branch point of aromatic amino acid biosynthesis (Fig. 1) , a constitutively activated chorismate mutase depletes the chorismate pool, destroys the balance between the two enzymes and the chorismate pool in the cell, and causes tryptophan starvation in the presence of the false anthranilate synthase inhibitor 5-methyltryptophan. The tryptophan feedback mechanism reduces the flux toward tryptophan in vivo to 10 to 20% of its normal capacity (28) . Our in vitro data suggest that tyrosine is able to reduce the chorismate activity up to 10-fold (Table 2 ); no effect of phenylalanine, the other end product of this branch of aromatic amino acid biosynthesis, is known (20) . Whereas the anthranilate synthase activity in the cell can be increased only up to 3-fold by the general control system at the transcriptional level, the chorismate mutase activity in the cell can be activated up to 10-fold in the presence of the specific effector tryptophan at the enzyme level.
In contrast to the genes TRP2 and TRP3 (5, 39) , the AR07 gene is not derepressed by the general control system, and we did not find a consensus GCN4 protein-binding site (36) in the 5' region of the gene (Fig. 7) suggesting that in the original mutagenesis and selection procedure, the mutational events capable of producing this phenotype are very limited. The AR07C alleles differed from the wild-type gene only in a single C-G-to-T-A transition within the coding region (Fig. 8) . Such transitions have often been found after mutagenesis with N-methyl-N'-nitro-Nnitrosoguanidine (11, 31) . The observed point mutation results in a threonine-to-isoleucine substitution in the Cterminal part of the chorismate mutase. A gene fusion consisting of the wild-type promoter, the 5' part of the wild-type coding sequence, and the 3' part of one of the mutant alleles exhibits the mutant phenotype (Table 2 ). In a Chou and Fasman secondary plot (8) , the replacement of the hydrophilic threonine in the wild-type enzyme by the hydrophobic isoleucine in the mutant enzyme interrupts a hydrophilic a-helical conformation from amino acid 220 to 226 (data not shown). How this single amino acid substitution affects the conformation of the whole enzyme to yield a constitutively activated and feedback-resistant chorismate mutase requires further investigation.
